Background Steroids are a leading cause of femoral head osteonecrosis. Currently there are no medications available to prevent and/or treat steroid-associated osteonecrosis. Low-intensity pulsed ultrasound (LIPUS) was approved by the FDA for treating delayed union of bone fractures. Some studies have reported that LIPUS can enhance bone formation and local blood flow in an animal model of fracture healing. However, whether the effect of osteogenesis and neovascularization by LIPUS can enhance the repair progress in steroid-associated osteonecrosis is unknown.
Abstract
Background Steroids are a leading cause of femoral head osteonecrosis. Currently there are no medications available to prevent and/or treat steroid-associated osteonecrosis. Low-intensity pulsed ultrasound (LIPUS) was approved by the FDA for treating delayed union of bone fractures. Some studies have reported that LIPUS can enhance bone formation and local blood flow in an animal model of fracture healing. However, whether the effect of osteogenesis and neovascularization by LIPUS can enhance the repair progress in steroid-associated osteonecrosis is unknown.
Questions/purposes
We hypothesized that LIPUS may facilitate osteogenesis and neovascularization in the reparative processes of steroid-associated osteonecrosis. Using a rabbit animal model, we asked whether LIPUS affects (1) bone strength and trabecular architecture; (2) blood vessel number and diameter; and (3) BMP-2 and VEGF expression. Methods Bilateral femoral head necrosis was induced by lipopolysaccharide and methylprednisolone in 24 rabbits. The left femoral heads of rabbits received LIPUS therapy (200 mW/cm 2 ) for 20 minutes daily and were classified as the LIPUS group. The right femoral heads of the same rabbits did not receive therapy and were classified as the control group. All rabbits were euthanized 12 weeks after LIPUS therapy. Micro-CT, biomechanical testing, histologic evaluation, immunohistochemistry, quantitative realtime PCR, and Western blot were used for examination of the effects of LIPUS. Results Twelve weeks after LIPUS treatment, the loading strength in the control group was 355 ± 38 N (95% CI, 315-394 N), which was lower (p = 0.028) than that in the LIPUS group (441 ± 78 N; 95% CI, 359-524 N). The bone tissue volume density (bone volume/total volume) in the LIPUS group (49.29% ± 12.37%; 95 % CI, 36.31%-62.27%) was higher (p = 0.022) than that in the control group (37.93% ± 8.37%; 95 % CI, 29.15%-46.72%). The percentage of empty osteocyte lacunae in the LIPUS group (17% ± 4%; 95% CI, 15%-20%) was lower (p = 0.002) than that in the control group (26% ± 9%; 95% CI, 21%-32%). The mineral apposition rate (lm/day) in the LIPUS group (2.3 ± 0.8 lm/day; 95% CI, 1.8 2.8 lm/day) was higher (p = 0.001) than that in the control group (1.6 ± 0.3 lm/day; 95% CL, 1.4-1.8 lm/day). The number of blood vessels in the LIPUS group (7.8 ± 3.6/mm 2 ; 95% CI, 5.5-10.1 mm 2 ) was greater (p = 0.025) than the number in Introduction Approximately 20,000 patients per year are diagnosed with femoral head osteonecrosis in the United States [23] . Steroids, commonly prescribed to patients with systemic lupus erythematosus, nephrotic syndrome, or organ transplantation, are a leading cause of femoral head osteonecrosis; this is known as steroid-associated osteonecrosis [1, 35, 41] . Once osteonecrosis begins, 80% of femoral heads will collapse if no treatment is administered [32] . Steroid-associated osteonecrosis can lead to social and family burdens, especially because these patients often are young. The patients with collapse of the femoral head often require THA. In addition, despite progress with THA, some of these patients need revision surgery owing to their young age at the time of the primary surgery, and have low functional scores [25] . Consequently, emphasis has been placed on preventing irreversible complications after steroid-associated osteonecrosis such as biomechanical collapse of the femoral head and osteoarthritis [1] .
To date, there is no known effective treatment for an uncollapsed femoral head owing to steroid-associated osteonecrosis. This is partially because the exact pathophysiology of steroid-associated osteonecrosis is unclear. It is thought that steroids interrupt blood flow by damaging the endothelial cells and altering lipid metabolism, leading to the production of fat emboli [4, 17, 18, 22] . Studies have shown that bone repair during the early stages of steroid-associated osteonecrosis is inadequate owing to the decreased activity of osteoblasts and bone marrow-derived stem cells after lengthy periods of steroid treatment [5, 35] .
Low-intensity pulsed ultrasound (LIPUS) uses acoustic waves and is noninvasive. It has been approved by the FDA as a feasible, cost-effective method for treating delayed union and/or nonunion of bone fractures. The benefits of LIPUS have been documented during all stages of bone repair, including osteogenesis, angiogenesis, and chondrogenesis [28, 29] . In vitro studies have shown that LIPUS increases bone formation, osteoblast activity, and osteogenic differentiation of mesenchymal stem cells (MSCs) [27, 31] . In vivo studies have found that LIPUS treatment promotes new bone formation and improves tissue blood flow [3, 16, 24, 34] . Rutten et al. [29] , in a clinical study, showed that LIPUS accelerates fracture healing through increased osteoblast activity. However, whether LIPUS can enhance the repair progress in steroid-associated osteonecrosis is unknown. As osteogenesis and neovascularization are key factors to enhance bone repair in osteonecrosis, we hypothesized that LIPUS may facilitate osteogenesis and neovascularization in the reparative processes of steroid-associated osteonecrosis.
Using a rabbit animal model, we asked whether LIPUS affects (1) bone strength and trabecular architecture; (2) blood vessel number and diameter; and (3) the messenger RNA (mRNA) and protein expression of BMP-2 and VEGF.
Materials and Methods

Overall Experimental Design
Bilateral femoral head necrosis was induced in New Zealand White rabbits (n = 24) through treatment with lipopolysaccharide (Escherichia coli 0111:B4; Sigma, St Louis, MO, USA) and methylprednisolone (Pharmacia and Upjohn, Puurs, Belgium). Lipopolysaccharide injection can induce a hypercoagulable and hypofibrinolytic state, which is similar to that in patients with systemic lupus erythematosus and nephrotic syndrome. LIPUS therapy was administered to the left femoral head of each rabbit 24 hours after lipopolysaccharide injection, and before the first methylprednisolone injection. The left femoral heads were designated the LIPUS group. Sham stimulation was administered to the right limbs (the device was turned off) and these were designated the control group. All animals were euthanized by a pentobarbital overdose 12 weeks after LIPUS therapy (Fig. 1 ). The proximal femurs were harvested and freed of soft tissue. Bilateral samples were taken from six randomly chosen rabbits and analyzed by micro-CT and mechanical testing. Samples from another six randomly chosen rabbits were used for Western blot analysis and quantitative real-time reverse transcriptase-PCR (QRT-PCR). The other 12 rabbits received intramuscular injections of a fluorescence tracer, calcein green (5 mg/kg; Sigma), and tetracycline hydrochloride (30 mg/kg; Sigma) at 14 and 4 days, respectively, before euthanasia to label newly mineralized bone. The samples were bisected along the coronal plane. The anterior halves were used for histologic evaluation and immunohistochemistry and the posterior halves were prepared for evaluation of the mineral apposition rate.
Rabbit Model
Twenty-four adult male New Zealand White rabbits, weighing 2.7 to 3.0 kg, were used. The experimental protocol was approved by the Animal Care and Use Committee of Zhejiang University. Rabbits were fed a standard laboratory diet and water ad libitum. The steroid-associated osteonecrosis rabbit model was prepared using a previously published inductive protocol [26, 37] . Briefly, the rabbits received intravenous injections of 10 lg/kg lipopolysaccharide followed by intramuscular injections of methylprednisolone (20 mg/kg) 24 hours later. Two additional methylprednisolone injections then were administered at 24-hour intervals so that the rabbits received a total of three methylprednisolone injections. It has been reported that formation of osteonecrosis lesions can occur 2 weeks after methylprednisolone injection [26, 39] . Four animals were randomly selected for MRI (T1-weighted image, TR 400 ms, TE 20 ms; T2-weighted image, TR 2000 ms, TE 106 ms) 2 weeks after methylprednisolone injection to test whether osteonecrosis was induced.
Low-intensity Pulsed Ultrasound Treatment
An ultrasonic generator (US 13; Cosmogamma Co, Bologna, Italy) was used in this study. Our previous study found that 200 mW/cm 2 for 20 minutes per day effectively prevented periprosthetic osteolysis in the medullary canal of the rabbit femur [43] . In this study, rabbits were treated with a 1-MHz pulse frequency, 20% duty cycle, and 100-Hz repetition rate at an average intensity of 200 mW/cm 2 20 minutes per day for 12 weeks. Twenty-four hours after lipopolysaccharide injection, the first LIPUS treatment was administered before the first methylprednisolone injection. The stimulation parameters were calibrated by the manufacturer. The rabbits were anesthetized with 3% pentobarbital sodium before LIPUS treatment. The skin around the hip was cleaned and ultrasound gel (KL-250; Keppler Co, Hangzhou, China) was used to couple the LIPUS transmission.
Micro-CT Analysis
Both proximal parts of the bilateral femoral samples were prepared for micro-CT (eXplore Locus SP; GE Co, Fairfield, CT, USA) scanning, with a spatial resolution of 45 lm according to the protocol for animal studies. The structure of the trabecular bone in the volume of interest of the femoral head was evaluated with eXplore software [26, 35] . The mean volumetric bone mineral density (BMD) (mg/cc) and trabecular architectural parameters, including the bone tissue volume density (bone volume/total volume, %), trabecular number (expressed as 1/mm), trabecular thickness (expressed as lm), and trabecular spacing (expressed as lm) to define the degree of plate-like and rodlike trabecular bone in the femoral head were measured.
Biomechanical Evaluation
After micro-CT measurements, the loading strength of the femoral head was measured using an indentation test with a small-diameter (2.8 mm) indenter [15] . The proximal femurs were fixed and placed on the metal platform of a static materials tester (Z2.5; Zwick/Roell, Ulm, Germany) and were tested in a wet condition. Alignment of the specimen was adjusted in accordance with the stainless steel rod in the upper holding device. The indenter was displacement-controlled at a constant rate of 5 mm/minute and was stopped when the load markedly decreased. Software (TestXpert II; Zwick/Roell) in the testing platform was used to automatically record the maximum bone strength (N).
RNA Extraction and QRT-PCR
The samples were mortared into powder under sterile conditions. Samples then were transferred to 1.5-mL Eppendorf centrifuge tubes. Total RNA was extracted using TRIzol 1 reagent (Invitrogen, Carlsbad, CA, USA) and precipitated in ethanol. The procedures were performed according to the manufacturer's instructions. The primers (Table 1) for QRT-PCR were designed by Oligo 6.0 primer design software (Molecular Biology Insights, Colorado Springs, CO, USA) and synthesized by Sangon Biotech (Sangon Biotech Co, Ltd, Shanghai, China). QRT-PCR was performed using a SYBR 1 Premix Ex Taq TM Kit (TaKaRa Biotech Co, Shiga, Japan). The data were collected by an iQ TM 5 detection system (Bio-Rad, Hercules, CA, USA) to calculate the cycle threshold (Ct) value of all samples. The relative quantifications of the gene expressions (BMP-2 and VEGF were calculated by the formula 2 44Ct 9 10 5 . 44Ct = 4Ct 1 À 4Ct 2 . 4Ct 1 is the value of the housekeeping gene 18S and 4Ct 2 indicates the Ct value of the target gene [7, 32] . The results of each group are presented as mean ± SD.
Western Blot Analysis
Protein from rabbit femoral head tissues was isolated with radioimmunoprecipitation assay buffer (RIPA) lysis buffer (Sangon Biotech Co, Ltd). A total of 60 lg of protein was loaded for electrophoresis on sodium dodecyl sulfatepolyacrylamide gel (Keduo, Hangzhou, China). The proteins then were transferred to polyvinylidene fluoride membranes (Sangon Biotech Co, Ltd). Goat antibodies against BMP-2 and VEGF (Santa Cruz Biotech, Inc, Santa Cruz, CA, USA) were diluted to a concentration of 1:200. The working concentration of internal control b-actin antibody used was 1:2000. The antibodies were incubated for 12 hours at 4°C. Goat antirabbit immunoglobulin Ghorseradish peroxidase secondary antibody was diluted to 1:5000 and incubated for 1 hour at room temperature. Super Signal 1 West Dura Extended Duration Substrate (Thermo Scientific, Rockford, IL, USA) was used to detect the signals. The images were analyzed with Bandscan 5.0 (Glyko Inc, Novato, CA, USA) to calculate the intensity of the bands. The ratio of the intensities of the target genes and b-actin bands was used to represent the level of protein expression [32] . The results of each group are presented as mean ± SD.
Histologic Evaluation and Immunohistochemistry
Specimens for histologic evaluation were fixed in a 10% buffered neutral formalin solution. After decalcification in 10% EDTA, the samples were embedded in paraffin. Fivemicron sections were cut and stained with hematoxylin and eosin for evaluation of osteonecrosis and calculation of fat cell size. The a-smooth muscle actin (a-SMA) staining was used to assess the number and mean diameter of blood vessels [2, 3] . The undecalcified samples were fixed in 70% ethanol solution at 4°C for 2 days, embedded in methylmethacrylate, and cut into 10-lm slices. The labeled surface and interlabeled thickness were measured. The single-labeled surface, double-labeled surface, and interlabeled thickness were measured except in the necrotic areas. The data were used for the following calculations: mineralizing surface/bone surface = (1/2 single-labeled surface + double-labeled surface)/bone surface (expressed as a percent); and, mineral apposition rate = interlabeled thickness per 10 days (expressed as lm/day) [6, 35] .
Two sections of each sample were collected, separated by approximately 300 lm. Two pathologists (JL, LX) examined the sections from each sample, in a blinded fashion, for each staining procedure. Five fields in the subchondral area of the femoral head on each section were chosen [33] . The first field was located at the approximate center of the femoral head and the remaining four fields were located on both sides of the first field with two fields on each side. The mean of the two sections from each sample was taken as the value of that sample. The following parameters were assessed: (1) 200 osteocyte lacunae were counted in each established field at 9 200 magnification and then the percentage of the empty osteocyte lacunae was determined [33] ; (2) the average diameter of the fat cells was measured in each field and the average diameter for fat cells of each animal was determined [26, 33] ; (3) the number and diameter of blood vessels were measured and averaged for each sample based on the a-SMA staining slides [3] . The number of blood vessels was expressed per area of tissue (/mm 2 ); (4) the mineralizing surface and bone surface and mineral apposition rate (lm/day) were calculated as described in previous studies [6, 35] . The decalcified slices were examined using a light microscope (Olympus BX51, Tokyo, Japan) and the undecalcified slices were observed under a fluorescence microscope (Olympus IX71). Different fields per slice were converted to digital pictures and quantitative analysis was performed using Image-Pro 1 Plus 6.0 (Media Cybernetics Inc, Rockville, MD, USA). Histologically, the femoral head was considered necrotic when at least one of the following three signs was present: bone marrow cell necrosis, empty osteocyte lacunae, or any evidence of repair, such as the presence of granulation tissue, fibrosis, or appositional bone formation [33, 37] .
Statistical Analysis
Outcome measures for the LIPUS and the control groups were compared. Statistical differences between the two groups were determined by paired t-tests. The 95% CI was determined. A p value less than 0.05 was considered statistically significant. Levene's test (p B 0.05) was used to confirm variance homogeneity of the population.
Results
Osteogenesis in the Femoral Heads
Micro-CT images indicated that the trabecular bone was more sparse in the subchondral bone in the control group ( Fig. 2A ) compared with the LIPUS group (Fig. 2B) Table 2) . Histologic observations of the control group limbs showed sparser trabecular bone with massive empty lacunae and few osteoblasts lining the surfaces surrounded by large marrow fat cells and a disordered architecture of marrow tissue (Fig. 3A-B) . In contrast, no such changes were observed in the LIPUS group limbs in which there were few empty lacunas and smaller fat cells ( Fig. 3C-D) . Consistent with histologic observations, MRI showed evidence of edema in the proximal Fig. 2A-B (A) A representative micro-CT image from the control group showed that the trabecular bone was more sparse in the subchondral bone. (B) In the LIPUS group, the trabecular bone was thicker and denser. femur (Fig. 4) , which is identified as a potential cause of femoral head osteonecrosis [32] . The percentage of empty osteocyte lacunae in the LIPUS group (17% ± 4%; 95% CI, 15%-20%) was 51% lower (p = 0.002; Table 2 ) than in the control group (26% ± 9%; 95% CI, 21%-32%). The average fat cell diameter in the LIPUS group (29 ± 5 lm; 95% CI, 26-31 lm) was lower (p = 0.023) than that in the control group (35 ± 6 lm; 95% CI, 31-38 lm). Bone histomorphometric analyses also showed that the mineralizing surface/ bone surface in the LIPUS group (75% ± 6%; 95% CI, 65%-86%) was increased (p = 0.001) compared with the control group (62% ± 17%; 95% CI, 51%-73%). The mineral apposition rate was higher (p = 0.001) in the LIPUS group (2.3 ± 0.8 lm/day; 95% CI, 1.8-2.8 lm/day) than in the control group (1.6 ± 0.3 lm/day; 95% CI, 1.4-1.8 lm/day).
Neovascularization in the Femoral Head
The a-SMA staining (Fig. 5) showed that the number of vessels in the LIPUS group (7.8 ± 3.6/mm 2 ; 95% CI, 5.5-10.1/mm 2 ) was higher (p = 0.025; Table 2 ) than in the Values are mean ± SD; *significant effect of LIPUS, p \ 0.05; LIPUS = low-intensity pulsed ultrasound; mRNA = messenger RNA. control group (5.7 ± 2.6/mm 2 ; 95% CI, 4.0-7.3/mm 2 ). However, the mean diameter of blood vessels was not different (p = 0.093) between the LIPUS group (25 ± 7 lm; 95% CI, 20-29 lm) and the control group (21 ± 7 lm; 95% CI, 17-26 lm). Enlarged fat cells were observed to be compressing blood vessels in the control group (Fig. 5A) , which could lead to a decrease in blood perfusion.
BMP-2 and VEGF Expression
The mRNA expressions of BMP-2 in the control group (46 ± 5; 95% CI, 43-49) were lower (p \ 0.001) than in the LIPUS group (75 ± 7; 95% CI, 70-79). The protein expression of BMP-2 in the control group (15 ± 2; 95% CI, 14-16) was lower (p \ 0.001) than in the LIPUS group (30 ± 3; 95% CI, [28] [29] [30] [31] . However, VEGF mRNA expression was not different (p = 0.114; Table 2 ) between the LIPUS group (28 ± 2; 95% CI, [26] [27] [28] [29] and the control group (26 ± 3; 95% CI, [24] [25] [26] [27] [28] . VEGF protein expression also was not different (p = 0.0124, Fig. 6 ) between the LIPUS group (23 ± 6; 95% CI, [19] [20] [21] [22] [23] [24] [25] [26] [27] and the control group (22 ± 6; 95% CI, [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Discussion
Although some studies document that steroids are a leading cause of femoral head osteonecrosis [1, 35, 41] , the mechanisms of steroid-induced osteonecrosis remain unclear and there currently is no effective treatment for the disease. Therefore, a valid treatment is imperative for preventing collapse of the femoral head and subsequent osteoarthritis. Several studies have reported that LIPUS can enhance bone repair and local blood flow in animal models [3, 16, 24, 34] . However, whether the effect of osteogenesis and neovascularization by LIPUS can enhance the repair progress in steroid-associated osteonecrosis is unknown.
To the best of our knowledge, our study is the first preclinical study to examine bone repair enhancement by LIPUS in an early-stage steroid-associated osteonecrosis rabbit model. The results confirm the hypothesis that LIPUS facilitates osteogenesis and neovascularization. In addition, we found that BMP-2 mRNA and protein expression were increased by LIPUS treatment.
Our study has some limitations. First, the dose-timing effects of LIPUS treatment were not assessed. Whether altered LIPUS signal parameters or longer treatment periods would have been more effective was considered to be beyond the scope of this study. Second, this steroid-associated osteonecrosis rabbit model is commonly used with a high incidence of osteonecrosis [26, [35] [36] [37] . However, osteonecrosis lesions do not lead to joint collapse in rabbits. This could be attributable to dissimilarities in weightbearing between quadrupedal animals and bipedal humans, especially at the hip [26, 35] . Third, to keep the cost of the study manageable and avoid the additional factor of hormonal differences, only male rabbits were used in this study. Therefore, these results may not be generalizable to both sexes. Fourth, because there was no mineral apposition in the necrotic bone, the mineral apposition rate was measured only in the area of peripheral reconstruction. It may be not appropriate to show regeneration of necrotic bone, but it can indicate regeneration of the living bone, which mainly bears the weight during the repair progress of osteonecrosis.
We found that LIPUS can enhance the osteogenic effect and biomechanical strength. MSCs can differentiate into osteoblasts, which can facilitate new bone formation [35] . However, steroids can induce differentiation of MSCs into an adipocyte lineage, thereby inhibiting osteogenic differentiation [30] . The decreased activity of MSCs results in inadequate bone repair, which may be a triggering step leading to the onset and pathogenesis of steroid-associated osteonecrosis [13, 14] . The reduced trabecular bone volume, enlarged fat cells, and poor mechanical properties observed in steroid-associated osteonecrosis femoral heads are the result of reduced osteogenic differentiation and osteoblast activity [22, 36] . The current study revealed substantially lower percentages of empty lacunae, thicker trabecular bones, and smaller fat cells in the femoral heads in the LIPUS group, suggesting better bone repair in LIPUS-treated steroid-associated osteonecrosis. The improved loading strength as a result of LIPUS might reduce the incidence of femoral head collapse. Previous studies have found that LIPUS can enhance osteogenic differentiation of human MSCs and can accelerate osteoblast activity and bone formation [19, 34] , which supports our findings. In addition, increased mineral apposition rate, osteoid thickness, and smaller fat cells denote intensified osteoblast activity and osteogenic differentiation [24, 29] . Thus, enhancement of osteogenesis by LIPUS might be explained by enhanced osteogenic capability in existing MSCs and enhanced osteoblast activity.
Neovascularization also was increased by LIPUS treatment. Osteogenesis and neovascularization play important roles during bone repair. In addition to the impaired activity of MSCs in the steroid-associated osteonecrosis rabbit model, it has been reported that there are effects on hematopoietic stem cells in this model [40] . Neovascularization is thought to be the result of hematopoietic stem cells and endothelial progenitor cell activity. The results of our study indicated that there were more blood vessels in LIPUS-treated limbs, which is in accordance with results of a previous study [3] . The enhanced neovascularization suggests that LIPUS can increase the activity of hematopoietic stem cells and improve local blood perfusion. Consistent with previous studies, we also found compression of blood vessels by enlarged bone marrow fat cells (Fig. 5A ) in the control group, which could decrease blood perfusion and lead to ischemia [22, 30] . The decreased size of fat cells in LIPUS-treated limbs could decrease the intramedullary pressure and improve blood perfusion. However, there was no major difference in vessel diameter between limbs in the control group and the LIPUS group. This might be because there were more, and smaller, new vessels in LIPUS-treated limbs. Because sufficient blood flow is a fundamental prerequisite for bone repair [40] , LIPUS may be a potential approach for improving treatment of early-stage steroid-associated osteonecrosis.
BMP-2 expression has been found to be substantially lower in femoral heads with steroid-associated osteonecrosis than in femoral heads of normal animals. It has been established that BMP-2 plays a central role in initiating bone formation [42] , stimulating osteogenic differentiation of MSCs [9] , and increasing osteoblast activity [10] . The lower BMP-2 expression could reduce local MSC activity and the capacity for bone repair [32] . In our study, LIPUS increased BMP-2 mRNA and protein expression in femoral heads with steroid-associated osteonecrosis. Therefore, it is possible that BMP-2 acts as a key regulator that promotes bone formation and repair processes in steroid-associated osteonecrosis. VEGF also plays an important role in normal and abnormal neovascularization [11, 12] . Prior studies have Fig. 6A-B (A) These band scans shows the Western blot analysis of BMP-2 and VEGF protein expression in the LIPUS and control groups. (B) The bar graph indicates the protein expression of BMP-2 in the LIPUS group was higher than in the control group (p \ 0.001). However, there was no difference of VEGF protein expression between the two groups (p = 0.0124).
shown that LIPUS stimulates the production of VEGF in vitro and in vivo [21, 27] . However, in our study there was no major difference in VEGF levels between the two groups. MRI for this animal model 2 weeks after methylprednisolone injection showed the appearance of edema in the proximal femur ( Fig. 4) . Because hypoxia is one of the most potent inducers of VEGF production [11] , VEGF expression usually is increased in edematous areas of femoral heads with osteonecrosis femoral [8, 20] . Hypoxia might increase VEGF expression in this early-stage osteonecrosis. As the number of blood vessels increases owing to LIPUS treatment, blood perfusion would be enhanced and hypoxia would be gradually reduced, leading to a decrease in VEGF expression. This might neutralize any enhancement of VEGF expression caused by LIPUS. Cheung et al. [7] found that VEGF expression peaked 4 weeks after surgery in an osteoporotic fracture model. These findings may explain why there was no difference in VEGF expression between the two groups at 12 weeks in the current study. Future studies should examine the dynamic expression of VEGF at earlier times.
The results of our study support the prior hypothesis that LIPUS promotes bone repair and vascularization in a rabbit model of steroid-associated osteonecrosis [38] . This model is a prophylactic model because the LIPUS treatment was administered before osteonecrosis formation. Thus, these results show that LIPUS can prevent or delay the progression of steroid-associated osteonecrosis. If patients were to receive LIPUS treatment, it would be conducted before pulsed steroid therapy. Although LIPUS cannot completely stop the progression of steroid-associated osteonecrosis, it appears to enhance bone regeneration and vascularization in femoral heads with osteonecrosis, which might be beneficial for improving the bone repair of osteonecrosis. LIPUS has the potential to be a noninvasive, cost-effective treatment which can be administered in an outpatient setting. Future research could be directed toward such additional applications.
